Abstract-Hybrid ac/dc transmission extends the power transfer capacity of existing long ac lines closer to their thermal limit, by superposing the dc current onto three-phase ac lines through a zigzag transformer. However, this transformer could suffer saturation under unbalanced line impedance conditions. This paper introduces the concept of hybrid line impedance conditioner (HLIC) as a cost-effective approach to compensate for the line unbalance and therefore avoid saturation. The topology and operation principle are presented. The two-level control strategy is described, which enables autonomous adaptive regulation without the need of system-level control. Design and implementation are also analyzed, including dc-link capacitance as one of the key line conditioner components, HLIC installation, and protection under fault conditions. The cost study on this HLIC-based hybrid system is also performed to reveal the benefits of the solution. Simulation results and experimental results based on a down-scaled prototype are provided to verify the feasibility of the proposed approach.
A Line Impedance Conditioner for Saturation Mitigation of Zigzag Transformer in Hybrid AC/DC Transmission System Considering Line Unbalances I. INTRODUCTION W ITH the increasing utilization and interconnection of renewables to the power grid and ongoing demands for electric power, high-power transmission has drawn tremendous attentions. For conventional high-voltage ac (HVAC) long line transmission, the line current rating is usually far below its thermal ampacity and the line power transfer capability is determined by stability constraints [1] , [10] . Therefore, the old grid needs to be upgraded. As an alternative to new lines which are increasingly difficult to build due to construction cost, right-of-way cost, environment, and policy constraints The authors are with the Center for Ultra-wide-area Resilient Electric Energy Transmission Networks, Department of Electrical Engineering and Computer Science, University of Tennessee, Knoxville, TN 37996, USA (e-mail: bliu16@utk.edu; ee.xjshi@gmail.com; yli81@utk.edu; fred.wang@utk.edu; tolbert@utk.edu).
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Digital Object Identifier 10.1109/TPEL.2016.2608864 [2]- [5] , the concept of hybrid ac/dc transmission was proposed [6] [7] [8] [9] . The basic idea is to load ac lines close to their thermal limits by superposing the dc current onto the ac current through a dc injection device, utilizing the existing ac lines, towers, facilities, and avoiding the need for new right-of-way. One implementation scheme for the hybrid ac/dc concept is shown in Fig. 1 . An ac double circuit is selected to form a bipolar high-voltage, direct current (HVDC) circuit with 12-pulse line-commutated-converters (LCC). The dc-injection link is indispensable for the hybrid ac/dc scheme. A zigzag transformer approach has been proposed [7] , [8] , which allows the dc current injected through its neutral point. With equal turns of windings but opposite polarity on each phase, dc flux could be totally cancelled theoretically, as long as the dc current in the three phases is evenly distributed.
However, for a practical three-phase ac transmission line, the three lines are not perfectly balanced. The impedance unbalance among three-phase conductors is inevitable as a result of length variation, temperature, sag, and degrees of transposition. Depending on the line and tower geometry, the total zero-sequence unbalance of double-circuit untransposed lines may vary from 2% to 4% [12] . Since only the resistance is involved for the steady-state dc current distribution, this paper will focus on the resistance unbalance. Although resistance unbalance is relatively small, normally within 4% [12] , its impact on zigzag transformer design is significant. As noted in [11] , when the three-phase ac line resistances are not equal, the total injected 0885-8993 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. dc current will be unevenly distributed among the three lines as well as the three limbs of the zigzag transformer. DC flux will not be cancelled, potentially leading to magnetic core saturation of the zigzag transformer and eventual failure of the hybrid ac/dc scheme. A dc-tolerant transformer design is provided in [11] to account for the possible unbalanced lines with dedicated dc flux density margin. However, due to the physical constraint of the magnetic core, ac flux density is reduced, resulting in low utilization of the magnetic core, more winding turns, and high cost. Consequently, the cost of a hybrid scheme becomes a strong function of the unbalance, making the hybrid ac/dc transmission scheme less attractive.
To avoid possible saturation of the zigzag transformer without over design, the line impedance unbalance must be mitigated. One possible solution is power electronics converter-based line impedance regulator. The existing work has been mainly on ac systems using flexible ac transmission system (FACTS) devices [13] , such as thyristor-controlled series compensator, distributed static series compensator, and unified power flow controller [14] [15] [16] [17] . All these solutions involve high-voltage power electronics converters with relatively high cost.
Different from ac systems, the line resistance becomes the key element that determines the dc power flow. Following the similar principles as in ac systems, several types of dc line resistance controllers were also proposed recently for dc systems [18] , [19] , including dc-dc transformer, switched resistance network, and dc-voltage insertion. Like FACTS devices, these dc-resistance regulators also involve power converters at high voltage. Furthermore, none of these active solutions are feasible in hybrid ac/dc systems, where the terminal voltage and current contain both dc and ac components. The switched resistance network is an exception. However, its high loss is usually not acceptable. A converter with the capability of interfacing with ac/dc simultaneously is thus required.
Three important issues need to be considered in hybrid ac/dc cases: 1) active resistance regulation, 2) low additional cost, and 3) easy implementation. This paper proposes a converter-based hybrid line impedance conditioner (HLIC) to compensate the line resistance unbalance. This paper is structured as follows: Section II analyzes the mechanism of saturation issue under line unbalance conditions. Section III presents the operation principle, control strategy, and design consideration of HLIC, and the cost of HLIC-based hybrid ac/dc system compared to other solution. Considering the shifted ac/dc voltage and current as a feature in the hybrid system, the selection of key components especially the dc-link capacitor and the practical consideration of installation and fault protection are discussed. The simulation and experimental results are shown in Section IV. Section V concludes this paper.
II. DC CURRENT INJECTION AND SATURATION ISSUE
As mentioned above, the key component for the hybrid scheme is the dc injection device, which should provide: 1) a connection between dc and ac sources, 2) a high impedance path for the ac current, and 3) low impedance for the dc current. A zigzag transformer with neutral point dc injection can basically meet these requirements, while avoiding dc-current bias caused saturation. A delta/zigzag transformer is shown in Fig. 2 (a), with two secondary windings connected in zigzag way and reversed polarities. It can also be possible to use a normal three-phase ac transformer combined with only zigzag windings at the secondary side, as illustrated in Fig. 2(b) .
For ac positive-and negative-sequence currents in each phase, the winding voltage of two zigzag windings have 120°phase shift. Consequently, the magnetizing inductance of the phaseto-neutral is three times of the winding inductance [11] ; whereas for zero sequence, two winding currents will cancel their fluxes due to opposite polarities, which produces a low zero-sequence inductance.
A. DC Magnetic Analysis of the Zigzag Transformer
With flux cancellation and low zero-sequence impedance, the zigzag transformer is ideal for dc injection through the neutral point. For secondary zigzag windings with primary side open, according to superposition theorem and Ampere's law, one can obtain
where l m is the magnetic path length; I m a AC and I m b AC are the ac magnetizing currents of phases a and b; I a DC and I b DC are the dc currents in phases a and b; H AC and H DC are the ac and dc flux intensities. The flux through each limb of the three-phase magnetic core is proportional to the differential line currents
where L W m denotes the winding inductance. Based on Ohm's law, if the three ac lines are balanced, the dc current will be evenly distributed, which guarantees cancellation of dc flux along each limb of the magnetic core without dc saturation.
B. DC Current Distribution With AC Line Unbalance
In practice, there will be line unbalances as discussed in Section II-A. When the dc current is injected though the neutral of the zigzag transformer, it will be unevenly distributed due to unbalanced line resistances. If the per-phase winding resistance of a zigzag transformer is R za,zb,zc and the ac-line resistance is R a,b,c , as depicted in Fig. 3 , assuming R za = R zb = R zc = R z , one can obtain the current distribution as
where
Taking a simple case as an example, if line impedance R a > R b = R c , according to (4), the steady-state dc current difference for limb a is
which can be further illustrated in Fig. 4 , with the degree of line unbalance β defined in (7) . Note, R balance is the median of the three-phase line resistances
C. Saturation Analysis and Verification
As assumed above, I a DC is smaller than I b DC , which is equal to I c DC . This may cause saturation on limbs a and c. The phenomenon can be explained with Fig. 5 , where the three-phase dc fluxes φ a , φ b , and φ c are shown, respectively, denoted by red-, green-, and blue-dotted lines. For clarity, the flux density is indicated through line length, and only the dc flux is considered based on the superposition principle.
Assume that the windings in the three limbs have an identical coupling factor of 0.5. Originally, without considering the magnetic coupling, in limb a, there are two dc flux components φ a and φ b , by I a DC , I b DC , respectively, due to the zigzag winding configuration, and they are not fully canceled. The same case exists for limb c. As a result of the magnetic coupling, half of residual flux φ c in limb c will flow into limbs a and b, and half of residual flux φ b in limb a will flow into limbs c and b. The residual flux cancels in limb b but does not in a or c. Therefore, limbs a and c will be saturated. Moreover, since the saturation degree is proportional to the total dc current according to (6) , it will restrict the amount of the dc power that could be injected into the hybrid lines. If all three lines have different resistances, all three limbs will have nonzero dc fluxes and are susceptible to saturation.
For typical high-power transformers, the peak ac flux density is selected close to the saturation level to fully utilize magnetics. To accommodate any dc flux bias, extra margin has to be provided. A dedicated design for the needed margin is quantified in a previous study, which adds considerable cost to the transformer [11] . Fig. 6 depicts a scaled-down zigzag transformer made of EE core using amorphous 2605SA1 material. Its saturation flux density is 1.56 T, and the peak B AC is set at 0.9 T aiming for 15% unbalance tolerance margin. Tests were conducted under rated 70 V/70 V (rms), 60-Hz ac voltage, 3 A rms ac, and 12 A dc . Fig. 7(a) shows the unsaturated winding currents of limb a and c in primary delta-side with 10% ΔR/R unbalanced resistance in line a. Note that due to the difficulty in controlling the tiny air gap of the EE cores in this down-scaled prototype design, more than 15% target unbalance can be handled. When ΔR/R is higher than 30%, saturation in limb a and c occurs, where apart from the load current components of the winding currents, the magnetizing currents begin to increase greatly and become distorted, as shown in Fig. 7(b) . The current spike locates around 120°due to the 30°phase shift between line voltage and winding current in a delta connection.
III. HYBRID LINE IMPEDANCE CONDITIONER

A. HLIC Concept and Topology
Since the zigzag transformer saturation results from uneven current distribution due to a small line resistance unbalance, a straightforward mitigation scheme is to regulate the line resistance balance without impacting ac flux. Since only a small portion of line resistance needs to be compensated, an active resistance approach is more efficient and controllable. The concept is similar to a resistance-based dc-power flow controller. Fig. 8 depicts the basic HLIC concept, where an equivalent R X is achieved to compensate for the line unbalance through inserting a dc-current-based dc-voltage source in series with the line.
The hybrid ac/dc makes the active resistance regulation different from a pure dc case. In the hybrid system, the ac voltage and current are level-shifted with dc bias. The resistance regulator must allow current and voltage in a hybrid ac/dc form. Conventional three-phase converters cannot support a hybrid voltage or current on the ac side. Direct insertion of three-phase devices into the hybrid lines also requires costly high-voltage line-to-line insulation. On the other hand, the single-phase topologies such as the single-phase full-bridge (FB) converter can overcome the issues, which are adopted in this paper. Used as a buck converter, FB can be controlled as a dc/ac inverter to realize an ac voltage, and as a dc/dc converter to realize a dc voltage. Together, as shown in Fig. 9 , a hybrid ac/dc voltage can be achieved [20] . Besides, FB is selected over other topologies such as half-bridge topology also for higher dc-voltage utilization and its voltage bidirectionality, required for the hybrid case.
Based on the FB converter, the proposed topology of HLIC and its integration with the zigzag transformer as an improved dc injection link is shown in Fig. 10 . Each HLIC is a phase-based unit, consisting of a single-phase back-to-back FB converter. The FB at the zigzag transformer side is operated as a rectifier to maintain the dc-link voltage, and the hybrid line side FB is operated as a line impedance conditioner. Note that although a third winding needs to be added to the zigzag transformer secondary side, the winding will need only a small number of turns to provide low-level ac voltage needed for the HLIC rectifier. With the FB topology, HLIC can accommodate bidirectional power flow. When an equivalent positive resistance is needed, the power is absorbed back into the ac grid through the zigzag transformer; while as a negative resistance, the power is drawn from the ac grid to the hybrid transmission line. The power loss in the HLIC is negligibly small in terms of the line or transformer rating, considering the low converter rating and high converter efficiency.
In principle, only two of the three lines need to have HLIC installed to regulate the line resistance unbalance, even if all three lines are unbalanced. The median line resistance can be used as the reference, and the other two line resistances can be regulated equal to the reference value. The bypass mode can also be realized. For example, if the phase a HLIC unit is not required, the zigzag transformer side rectifier for phase a can be blocked, while the hybrid line side converter can turn ON two upper or lower switches to create a bypass path, as depicted in Fig. 11 .
With the functionality of impedance conditioning, the design of the zigzag transformer no longer needs to consider margin for saturation as in [11] . Though a small extra winding in each phase is required to provide the ac voltage for conditioner units, its voltage rating is only a small percentage of the system voltage. For example, for compensating for 5% resistance unbalance, only 0.7% voltage rating is needed, corresponding to 2 kV for a 280-kV ac and 180-kV dc hybrid line. It means that the extra secondary winding turns of the zigzag transformer should be only 1% of the other two winding turns, as shown in Table I of Section IV.
B. Operation and Control Strategy
In the hybrid system, as shown in Fig. 10 , only one set of HLIC bridges is needed to compensate the line unbalance in each phase, e.g., installed at the sending end. The rectifier and the resistance conditioner play different roles and therefore are independently controlled. Each controller adopts a two-level control strategy, as shown in Fig. 12 .
Being connected in series with the hybrid line, the control target of HLIC is to regulate its terminal voltage v X in phase with the hybrid line current i X , by setting the voltage loop reference V X to be the product of the sensed instantaneous line current i X and the desired unbalance resistance, as shown in (8) . Consequently, adopting HLIC inverter control, v X will be inherently synchronized with the hybrid line current, instead of the receiving end ac grid.
On the other hand, the HLIC rectifier has to be synchronized with the ac grid voltage at the sending end by using a singlephase phase-locked loop control, to ensure unity power factor. This synchronized ac voltage comes from the fourth winding of the sending end zigzag transformer, as circled in Fig. 10 .
The detailed control schemes are presented as follows.
1) Resistance Estimator:
The two-level control for the lineside conditioner includes the outer-level resistance estimator and inner-level hybrid voltage controller. The resistance estimator is used to determine online the crucial information of line unbalance. In practice, real-time measurement of resistance unbalance would be difficult. A more practical way can be online estimation through an adaptive procedure. The proposed steps are:
Step 1: Extract dc components of all three lines from measured line currents by removing 50-or 60-Hz fundamental ac currents using a notch filter at 60 Hz.
Step 2: Bypass the HLIC unit in one of the three phases, whose dc current has the median value, e.g., phase b, or control this HLIC as zero resistance or zero voltage.
Step 3: Compare the other two-phase dc currents I a DC and I c DC with the median current I b DC to obtain the desired differential resistance R X , respectively, through the procedure shown in Fig. 13 . For simplification, only phase a controller is illustrated, and the case for phase c is similar.
Step 4: Calculate the hybrid ac/dc terminal voltage reference V X for the low-level line impedance conditioner, based on (8) , where i X is the hybrid line current
It should be mentioned that, although the target here is to regulate the unbalanced line resistance as the baseline, HLIC provides a more powerful controllability in transmission systems.
1) It has a flexible architecture to separate the dc and ac impedance control. For example, if only the dc current component is included in the voltage reference, as given in (9), the dc resistance will be regulated exclusively and ac impedance inserted by HLIC will be zero. On the other hand, ac resistance or inductive/capacitive impedance can also be realized independently of dc resistance, as given in (10)
2) With this capability, the HLIC device can be extended to regulate both dc and ac power flow of hybrid transmission lines. For example, independent of dc power flow, it can also control both active and reactive ac power flow similar to a FACTS device.
2) Conditioner Control:
This refers to the inner-layer hybrid voltage control on the HLIC inverter side. To control the insertion voltage at LC filter terminal of HLIC, it is necessary to know the external circuit characteristics, e.g., equivalent impedance, to correctly model the control transfer function, since HLIC is in series with the hybrid line. Fortunately, both the ac and dc currents on the hybrid lines are determined by the system. As a result, the load for HLIC can be regarded as a current source with high impedance at dc and low frequencies. Subsequently, the external circuit of HLIC can be approximately modeled as an open circuit in this frequency range. Following this analysis, the control plant can be simplified as an H bridge converter with an LC filter, as illustrated in Fig. 14 . Thus, the feedback control design of HLIC no longer depends on the external system parameters, if designed with a relatively low-frequency bandwidth
Feedback control can regulate the HLIC output voltage precisely, with proportional-integral (PI) control targeting the dc voltage component, and proportional-resonant (PR) controller eliminating the fundamental ac voltage error. The control bandwidth is limited, partly to match the low-frequency model validity range mentioned above, and partly because of the low phase margin in a second-order system due to the LC filter. To increase the potential control dynamics, a control combining feedback in (12) and (13) and feedforward control is adopted, as illustrated 
where ω ch denotes the bandwidth of the resonance control and the resonance frequency ω h is located at 60 Hz, and k th determines the resonance gain.
The closed-loop Bode plots of a scale-down conditioner prototype are provided in Fig. 16 , illustrating the accuracy and dynamics of different control approaches. Clearly, the combined feedback and feedforward control has the optimal performance in terms of both accuracy and dynamics.
It should also be pointed out that although the target in this context, as discussed in Section III-B, is to regulate the unbalanced line resistance in terms of both ac and dc forms, it is also feasible to only control the dc resistance for saturation suppression, following the command voltage in (9) . In that case, the PR controller can be removed to further simplify the control structure.
3) Rectifier Control: Fig. 17 depicts the proposed control scheme for the rectifier to maintain the dc-link voltage with the unity power factor. In addition to the second-order ripple power, there is also fundamental ripple in the dc-link voltage of FB, penetrating from the conditioner ac side, which will be discussed in detail later. To prevent the ripple signal from the outer dc voltage loop into the inner current loop, two series second-order notch filters with resonant frequencies at 60 and 120 Hz are introduced.
A high-current control loop gain should be provided in lowfrequency range to avoid the dc current into the ac zigzag transformer, which may be induced by the fundamental ripple power penetrating from the dc link. Thus, a quasi-PR controller together with a PI controller is applied in the rectifier inner current control, to improve the fundamental current tracking, and to eliminate the potential dc current component, respectively.
4) Discussion on Impacts From Unbalanced AC Current: Though the focus of this paper is on avoiding the dc current saturation of the zigzag transformer via the dc current balance control, it is, however, important to understand the behavior of the hybrid system and HLIC considering the possible ac current unbalance in the hybrid lines.
First, the paths of unbalanced ac current are examined. From the superposition principle, the unbalance ac current can be decomposed into positive-, negative-, and zero-sequence current. Contributed by the delta winding of zigzag transformers on both ends, the zero-sequence current will not penetrate into the source side or the load side, and will only circulate between the neutrals of the two zigzag transformers. Additionally, this zero-sequence ac flux will be cancelled, due to the reversed polarity of the two zigzag windings per limb, and no saturation will be induced.
Furthermore, according to the analysis in [11] , the saturation of this transformer is mainly caused by two factors. One is the winding ac voltage which determines the ac magnetizing current. This voltage, in the transmission system, is pretty balanced, because of the stringent standards of voltage unbalance (e.g., voltage unbalance factor is usually below 2% [21] ), even though the line current might be more unbalanced. So, the voltage unbalance may not cause the saturation of the zigzag transformer. The other factor is the dc magnetizing current introduced by the unevenly distributed dc current as analyzed in Section II. However, with the proposed HLIC solution, this issue can be greatly mitigated.
Finally, from the HLIC point of view, an HLIC is connected in series with each line, and regulates its fundamental terminal voltage to be in phase with the line current. There is no direct interference from the three-line unbalance to the HLIC device. In particular, since the voltage reference of HLIC is determined by the unbalanced resistance and this resistance is estimated based on the unbalanced dc current in the proposed control scheme, the unbalanced ac current will not introduce interference to the dc-current balance control. In summary, the dc regulation is independent of the ac current control in the proposed HLIC scheme, based on the superposition principle.
C. Selection of DC-Link Capacitance
To ensure the normal operation of HLIC, the dc-link voltage should be maintained within an acceptable variation range, say ±5%. Different from the selection of the dc-link capacitance for normal single-phase inverters, the unique hybrid operation introduces multifrequency power ripples, not only the secondorder frequency ripple but also the fundamental frequency ripple on the dc link. Applying the instantaneous power theory for a single-phase unit shown in Fig. 12 , in the conditioner side, one obtains 
where v X and i X represent the conditioner side voltage and current; I DC and I AC denote the dc and ac current components of the line current, respectively; P DC is the average dc power, and p r1 X and p r2 X are the first-and second-order power ripple at the conditioner side. On the rectifier side, according to power balance, the following equations hold:
where v R and i R stand for the rectifier side voltage/current. ϕ X and ϕ R are the phase angles at the conditioner side and rectifier side. p r2 R is the second-order power ripple at the rectifier side. According to the law of energy conservation, the hybrid ripple energy E r 1 X , E r 2 X , and E r 2 R are stored in the dc-link capacitor and L filters. L can be determined by the filtering requirement. Thus, one obtains ripple of
where v dc is the dc-link voltage with the voltage ripple Δv dc .
Its derivative becomes
Assuming v dc = V DC + Δv dc , since Δv dc mainly contains first-and second-order ripples, one can further simplify (18) by removing the dc bias components
if defining the current ratio of hybrid line as If v dc is approximately simplified as constant V dc , by substituting (14)- (16) and (20) into (19) , the voltage ripple can be solved as
where the first term is the ripple energy exchanging between two converters, and the second term is the impact from filter inductors. The impact of the filter capacitor is ignored considering its low capacitance.
If |Δv dc | ≤ 5%V DC , the desirable capacitance for a given ripple can be expressed in two terms with regards to the two above factors
and V DC min is the dc-link valley voltage to satisfy the ripple requirement in the worst case. Now, the phasor relationship between the two ends of the transmission line shown in Fig. 18 can be applied. Since the Fig. 19 . Capacitance selection as a function of the hybrid current ratio. Fig. 20 . Impact of the current ratio on the first term of (22). conditioner is controlled as a resistance, thus ϕ X is equal to the load angle θ of the receiving end. For the zigzag transformer shown in Fig. 10 , the fourth winding voltage v R is in line with the primary side voltage and ahead of the secondary phase voltage V g 1 by 30°. Thus, the following angle relationship holds:
where δ is the power angle.
From (21) and (22)- (24), the current ratio has a considerable impact on the dc-link voltage ripple and selection of the dc capacitance. This can be clearly seen in Figs. 19 and 20 , based on a sample case as given in Table I , if neglecting the L f term. On the other hand, this impact provides another metric from hardware design aspect for the final selection of the hybrid ac/dc current ratio, a key system parameter.
One can also notice that ac-side filters do contribute some ripple energy, hence leading to a determination factor for the capacitor selection.
D. Implementation Considerations 1) Installation:
In a bipolar hybrid ac/dc system with double-circuit ac lines, only two sets of HLIC devices are needed for each pole and each set of HLIC only requires two phase units. Although the current rating of the HLIC is the same as the hybrid line current, its dc-voltage rating is much smaller than that of the HVDC converter or the transmission line voltage, since the injected voltage generated by HLIC is only used to compensate the voltage caused the by the differential term of the unbalanced line resistance. And due to the low transmission line impedance, the voltage drop of the whole line in a typical ac system is quite low, if compared with the transmission line voltage. As shown in Table I for the sample system, the HLIC converter voltage rating is only around 1.6% of the HVDC voltage rating for the simulated system. And its current rating is 1.17 times of the HVDC current. So, its power rating and size are less than 2% of the HVDC converter and power loss would be less than 2% * (1-98%) of the HVDC power if assuming its power efficiency is 98%. Therefore, the size of HLIC is much smaller than that of the zigzag transformer.
A possible installation is to integrate this device into the zigzag transformer. Each phase unit can be mounted to the corresponding pole of the high-power zigzag transformer, so no further insulation infrastructures are needed. The only interphase information for the purpose of line unbalance estimation in each HLIC is the phase dc current, which can be transmitted by local fiber-optic wires or local wireless communication. An alternative is a distributed modular design and installation. In that case, HLIC modules can be clamped to towers or utility poles.
2) Protection Under External Line Faults:
External line faults are also considered in this paper. If line-to-ground fault occurs, different from traditional ac grids, the fault current will have both ac and dc components. Since the zero crossing may not exist depending on the operation point and fault impedances, an ac breaker may not work in the hybrid system. A protection scheme is thus proposed: 1) HLIC operates into the bypass mode once the fault is quickly detected; 2) external bypass thyristors (if equipped in HLIC) are turned ON; 3) LCC-HVDC controls the dc current to zero, and during this period, the ac breaker detects the zero crossing instant and trips the line. For lineline fault, no dc fault occurs since three lines stay at the same potential.
A simulation of single line-to-ground (SLG) fault on the hybrid lines has been conducted including HLIC in the fault path, with nominal dc current 500 A, voltage 180 kV, ac peak current 500 A, and line voltage 280 kV in a 12-pulse LCC-HVDC-based hybrid system. The line unbalance is assumed to be 10%. Fig. 21 shows the line voltage and current during the fault transition occurring at t = 0.11s. The dc component measurements of the three-phase current are also shown in Fig. 22 , extracted through a notch filter designed at 60 Hz. Though a higher peak current is observed in phase a, the main contributor is ac fault itself. This can be explained from the waveforms of the LCC rectifier as shown in Fig. 23 . After t = 0.11s, the dc fault current starts dropping, thanks to the voltage-dependent current order limit function implemented in LCC-HVDC control, which regulates the current reference to 0.3 p.u. once it detects that dc-link voltage drops below 0.6 p.u. In the end, the firing angle increases up to 100°to pull off the energy stored in the line. In addition, since the dc reactor is on the ac fault path, the ac fault current can also be reduced. As a result, the zero crossing can be ensured, hence the faulty line can be tripped safely and timely within several line cycles. As for HLIC, its balance regulation takes action at t = 0.8 s as shown in Fig. 22 . When the fault current goes beyond the current protection threshold, the HLIC bypass mode is activated as shown in Fig. 21 . One should notice that the ac line fault current is tightly dependent on the system impedance and fault location. In this study, the fault location is at the sending end terminal, leading to the highest current. According to the simulation results, IGBT with 1.5-p.u. nominal current rating should be selected and it should be reasonable in real applications.
Another possible solution is to parallel thyrisotors and metal oxide varistor as illustrated in Fig. 24 , which forms a bidirectional bypass path once fault occurs.
E. Cost Study 1) Cost Comparison With the Passive Design Method:
To clearly demonstrate the improvement by using the HLIC solution compared to the passive dc tolerant design [11] , a cost comparison methodology is provided.
First, the per kw cost is calculated. A typical average cost breakdown of an LCC HVDC system and the unit costs of its component are found in literature [22] [23] [24] . To simplify the comparison, the per kW cost of the HLIC converter is assumed to be the same as that of the LCC HVDC station including the installation and control expense.
Since the zigzag transformer is not widely used and especially when it is designed to inject dc current in the hybrid system with the passive design method, its cost is not available and thus will be derived from the traditional two-winding transformer. The idea is to normalize the zigzag transformer cost to the ac transformer cost based on the ratio of its hybrid ac/dc current I RMS to its ac current component I AC as shown in Fig. 25 and (26). Three cost-impact factors are considered, i.e., voltage rating, current rating, and winding turn number (in the dc tolerate design case), and their relations to the ac power are derived as
The final per unit cost of the zigzag transformer projected to that of an ac transformer is expressed as
Then, the power capacity ratio of hybrid ac/dc to the original HVAC system can be derived as [11] 
where λ V is the dc voltage ratio of hybrid line, δ 1 is the power angle in the hybrid ac/dc system, δ 1 is the power angle is the original HVAC system, ϕ is the load angel at the receiving end, and P AC and P DC are the ac and injected dc power, respectively, in per pole per station of the hybrid system
(29) The total power of HLIC needed in per pole per station can be approximately derived as
where m is the modulation index of HLIC converters, assuming to be 0.7, and k line drop denotes the voltage ratio of the HLIC terminal voltage over the hybrid line ac voltage level, assuming to be 1% in this study. Finally, the costs of the zigzag transformer, designed with the both passive method and the active HLIC solution are compared. A case study with λ V = 1 is provided, where the remaining variables for the cost and power capacity are the line unbalance degree β and current injection ratio λ I . However, in order to perform the cost-power capacity comparison, λ I is adopted as the link variable so that a cost-power capacity Pareto curve can be developed with the required power capacity ratio (28) as the xaxis. It has to be mentioned that since the power capacity has its physical limits due to the thermal rating of the transmission line, a reasonable power capacity enhancement might stay within 200%, and varies for different λ V , λ I , and system parameters. The details are out of the scope of this paper. Fig 26 shows the unit cost ratio-power capacity Pareto curve of the zigzag transformer versus LCC HVDC converter station, and Fig. 27 shows the cost ratio-power capacity Pareto curve of the zigzag transformer in the hybrid ac/dc system.
In contrast, using HLIC, the zigzag transformer design can be greatly simplified. As shown in Fig. 28 , its cost is no longer a function of line unbalance, and is much less than that in Fig. 27 . Moreover, as illustrated in Figs. 29 and 30 , the cost of three-phase HLIC devices in a hybrid ac/dc system is less than 1% in general. Furthermore, as discussed in Section III-A, two HLICs are already capable of achieving the balance regulation, contributing to a further one-third cost reduction.
2) Comparison of Hybrid AC/DC and Pure HVDC System Using Existing AC Lines:
In addition to the hybrid ac/dc transmission system, there is another transmission architecture, which upgrades the existing HVAC line into a pure DC line. This pure HVDC solution was intensively studied [25] [26] [27] [28] . Although there are several concerns with regards to these two systems, such as voltage stress, insulation, line thermal margin, environment effect, etc., this paper will only compare from the investment aspect, i.e., the converter station cost for a given power capacity target.
For both systems, the line construction cost is not accounted because of the existing line utilization. And in the hybrid ac/dc system with partial power from ac, its HVDC converter rating and cost would be lower, whereas in the pure HVDC system, all power flows through the dc station, leading to a higher cost. On the other hand, in the hybrid system, extra cost will be introduced by the zigzag transformer and HLIC devices. For simplicity, the cost of HLIC is neglected in this study due to its small portion in the whole system as illustrated in Fig. 30 . Noticing the unit cost of the zigzag transformer has been normalized through the power scaling from the total hybrid ac/dc power to its ac power component as shown in (27) , the total cost of the two systems can be obtained as This leads to
where C Hybrid and C HVDC are the converter station costs, and C U LCC and C U zigzag denote the per unit cost, respectively. As indicated from (31) to (33), the cost ratio of the hybrid and pure HVDC systems is actually determined by the unit cost of a zigzag transformer and a LCC station. Hence, the cost of the zigzag transformer is very critical, which further highlights the importance of the HLIC approach.
With the cost comparison methodology described above, a case study is carried out, assuming a dc-voltage injection ratio of 1. As demonstrated in Fig. 31 , with the passive design method, this hybrid scheme has limited beneficial range compared to pure HVDC scheme. In contrast, thanks to the HLIC, the zigzag transformer cost can be greatly reduced in Fig. 28 , contributing to a hybrid ac/dc system with much lower cost for the same power transfer rating as shown in Fig. 32 , and immune to the line unbalance. 
IV. SIMULATION AND EXPERIMENTAL VERIFICATIONS
A. Simulation 1) Line Unbalance Regulation:
A hybrid system as shown in Fig. 1 plus an HLIC converter are built with parameters given in Table I . Fig. 33 depicts the dynamic performance of this conditioner. Initially the dc components of hybrid line currents extracted via notch filters are not balanced due to the unbalanced line resistance in line a. With the designed control activated at t = 0.5 s, the desired resistance is well regulated, and line currents are automatically equalized. The steady-state hybrid voltage and current after the desired impedance is achieved are shown in Fig. 34 .
2) DC-Link Capacitance and DC-Voltage Ripple: Capacitor selection based on (22) - (24) is shown in Fig. 35 under the specific system parameters. In order to suppress the ripple within a certain range, the maximum capacitance over a line cycle should be chosen. The difference between red and blue curves indicates that the energy stored in ac inductors also has visible impacts on the capacitor selection. With the theoretical 11.5-mF capacitance as the peak point in Fig. 35 , the dc-link voltage ripple in percentage is found to be ±5.8%, and thus, 13-mF capacitance is finally selected to ensure the maximum voltage ripple approximately at 300V (±5%). Simulation result for the above system is given in Fig. 36 , showing the dc-link voltage ripple and the rectifier-side current control.
B. Experiments 1) Hybrid AC/DC Prototype:
To verify the concept of HLIC and viability of the operation scheme, a scaled-down hybrid ac/dc laboratory system is implemented. The circuit schematic is shown in Fig. 37 . Instead of a bipolar architecture, here only a half-bipolar architecture is tested to simplify the system. The three-phase transmission line is emulated by a 1.8-mH threephase inductor in series with three 1-Ω resistors. The receiving end is terminated with a three-phase Y-connected resistive load (neutral is not grounded) instead of another ac grid, avoiding building another ac grid in the laboratory. Also, to further simplify the prototype, instead of a relatively complicated Z/delta type transformer, a zigzag transformer with only zigzag windings is used at the secondary side to directly interface with the passive load. One has to mention, since the dc voltage is just a common potential for the three lines, the line-to-line voltage across the passive load is still pure ac. Therefore, the current flowing through the load is just the ac component, and all of the dc current in three phases will go through the neutral of the zigzag windings to the HVDC converter. Furthermore, this conclusion can also be extended to other type of passive load, such as the inductive load.
However, for a real hybrid ac/dc transmission system, the proposed structure shown in Fig. 1 should be adopted, and two delta/Z or Z/delta type zigzag transformers at both sending and receiving ends are necessary to interface with the two area grids.
As for the HVDC station, two back-to-back voltage source converter (VSC) converters instead of LCCs are built and operated to emulate HVDC converters due to its simplicity and availability in the laboratory. The test setup is demonstrated in Fig. 38 .
To test the unbalance condition, a 0.33-Ω resistor is placed in phase a to mimic the line unbalance around 13% including winding resistances of two zigzag transformers. Then, an FB inverter is connected with a dc power supply to operate as the HLIC device. The physical implementation of HLIC is presented in Fig. 39 .
2) Pure DC Mode Test: First, the pure dc injection test without ac power flow under balanced line condition is conducted. Fig. 40 shows that the dc current is distributed evenly among three-phase lines. Then, the operation of HLIC under the unbalanced line condition is verified as shown in Fig. 41 . Due to the higher resistance in line a, its dc current is less than the other two phases in the initial period. Then, unbalanced three-phase dc currents return to their balanced status again after inserting and enabling the HLIC control. Since phase a has larger resistance, HLIC in phase a is operated actively as a negative resistance. 
3) Hybrid AC/DC Mode Test:
To demonstrate the operation of the hybrid ac/dc system, the start-up of dc injection under balanced conditions is shown first in Fig. 42 . In sequence, first, the ac grid is operated. Then, HVDC converters build up the dc-link voltage, and finally a desirable dc current is injected to hybrid ac/dc lines. The grid phase voltage is 30 V rms , the VSC dc voltage is controlled as 50 V, and the dc current is regulated at 12 A. Zigzag transformers are designed at 3 A rms ac and 4 A dc per phase. After injecting the dc current, it is smoothly superposed into each phase line, shifting the original ac current up in each phase. The test for the hybrid ac/dc operation under unbalanced conditions is then conducted. Shown in Fig. 43 , once HLIC is activated, phase a current is elevated to match the other two phases. From Fig. 44 , i A and voltage of HLIC are in phase, revealing that it indeed behaves as a resistor. The magnitudes of the three-phase currents have slight differences. It is because the impedances of other two lines in the test setup are not exactly the same. To further verify the control, their dc components are extracted as provided in Fig. 45 , indicating a success of line-balancing function and negative resistance emulating, regardless of the aforementioned minor magnitude difference.
V. CONCLUSION
Hybrid ac/dc transmission was recently studied as a costeffective option for high-power transmission. This paper presented a hybrid ac/dc line impedance conditioner HLIC to solve the saturation problem in hybrid systems. The merits of HLIC can be summarized as follows: 1) greatly reduces the cost of zigzag transformer and hybrid ac/dc system, enhancing its feasibility; 2) low voltage rating and power rating (1∼2% of whole power rating) with low additional cost; 3) floated on each transmission line or integrated zigzag transformer, thus no insulation issue; 4) shares the zigzag transformer to supply the ac power, no need for extra ac power sources; 5) operates autonomously with local communication, enabling easy application to power systems; 6) independent control of both ac and dc impedance, which can be served for other purposes. The two-level control strategy of HLIC is proposed. The selection criterion of its key component, dc-link capacitance, is provided based on the power ripple analysis, which can be helpful for future hybrid ac/dc applications. Some of the practical implementation issues such as operation under abnormal conditions, installations, and fault protection scheme are addressed. The costs of HLIC and HLIC-assisted zigzag transformer compared to the pure passive zigzag transformer are evaluated, and the cost of hybrid ac/dc system compared to pure dc upgrading of the existing ac lines is also studied, indicating HLIC-assisted hybrid ac/de system is a promising cost-effective transmission solution. The feasibility and effectiveness of the presented line conditioner, the system protection scheme, as well as the proposed selection criterion of the dc-link capacitance are verified by the simulation and/or experimental results.
